The performance in many companies is limited through bottlenecks in manufacturing and assembly processes. For this reason, bottlenecks are often the starting point of improvement initiatives. This paper presents a visual approach for identification and evaluation of bottlenecks to ease the communication of improvement measures on the shop floor. The new developed assembly throughput curve displays the influence of two factors affecting the assembly performance -workload and material availability. The relationship between these two factors is mapped and a throughput curve is determined for an assembly station. In order to verify the findings, an event-discrete simulation is performed and analysed. Nine generic bottleneck cases have been identified and verified. Each of these generic cases can be extracted and displayed using one particular operating curve, which can be used like pictograms. The simulation supported the developed model.
Introduction
Nearly all manufacturing processes involve some kind of assembly operation [Hopp and Spearman, (2000) , p.315]. The overall performance of the production process is linked to the performance of the particular assembly process. According to Tangen (2005, p.35-37) , performance is strongly related to productivity and should be considered as a relative parameter. Ghobadian and Husband (1990) describe a possible performance definition as the ratio between the actual and potential output of a system. The assembly performance is therefore defined as the ratio of assembly throughput and planned assembly orders, derived from the sales forecast of the next period. Assembly is defined as all activities, which create, change or temporarily maintain a predefined, spatial arrangement of geometrically defined bodies in a framing system [VDI, (1990), p.2] . Moreover, a process according to DIN 9000 [DIN ISO 9000, (2005) , p.23] is defined as a set of interrelated operations which transform input into output. Following this definition, the system of the assembly process has three different areas:
1 one or several internal or external supplier processes for providing input 2 a process consisting of several assembly activities 3 one or several customers demanding the process output.
The input usually comes from the upstream processes and affects the performance of the downstream assembly processes. The upstream processes can be located in-or outside of the assembling company. The function of the upstream processes is to supply the assembly process with components, necessary for performing the assembly operations. Problems in the upstream process can lead to bigger variations and further problems in the downstream assembly processes. The phenomenon is known as the Bullwhip effect [for further descriptions see for example Lee et al. (1997, p.93) ]. Bottlenecks in the supply of assembly processes are threatening the outcome of the whole process and can constrain the organisation from fulfilling customer due dates and lower the performance of the whole production system [Wiendahl, (2002), p.3] . The character of matching different components or parts is an attribute of all assembly operations and determines also the performance of the assembly process. Every assembly process contains a kind of joining method according to DIN 8593-0 (2003) . That means for a successful assembly operation, all necessary parts and components have to be available and sufficient capacity has to be provided for the operation itself. In order to consider the influence of the customer onto the assembly performance, the order decoupling point plays an important role. The point marks the step in the production process where the customer requirements are taken into account [Dekkers, (2006), p.4014] . According to Rudberg and Wikner (2004, p.447) , four kinds of customer decoupling points can be distinguished: engineer-to-order (ETO), make-to-order (MTO), assemble-to-order (ATO) and make-to-stock (MTS). In MTS, the customer decoupling point is located behind the assembly and the performance of the assembly process is not depending on particular customer requirements. As performance is here considered as ratio of actual and potential output, the approach of this paper is limited to MTS assembly environments. This implies three areas of potential improvement: the supplier, the assembly process or the customer.
The highest potential for improvement can be found in the special consideration of the systems' bottlenecks. According to Goldratt's (1994) Theory of Constraints (TOC), the performance of a system is depending on the performance of its bottlenecks. These bottlenecks are the starting point of a continuous improvement process, which can be carried out iteratively (Goldratt, 1994) . Furthermore, TOC has already been applied to assembly processes (Pegels and Watrous, 2005; Taj and Berro, 2006) . However, these applications are currently limited to computational approaches, which are difficult to communicate (Schultheiss and Kreutzfeldt, 2009) . Visual approaches are far more accepted in practice [Eppler and Mengis, (2009), p .50] and a graphical solution for linking the bottleneck resource to the assembly performance is preferred. Resulting improvement measures have to be undertaken by assembly workers themselves. This implies the use of an easily understandable communication tool. Thus the research objectives of this project are: 1 development of a framework for systematic visualisation and communication of assembly bottlenecks on the shop floor 2 verification of the developed framework with an event-discrete simulation model of a manufacturing system for electrical power supply units.
The paper is structured as follows: In the next section, TOC and other bottleneck applications in assembly processes are discussed. Thereafter, a visual approach for bottleneck management with throughput curves is outlined. Based on the synthesis of both approaches, a possible solution is developed with differentiation of nine original cases of planning and operation. This throughput curve is verified and discussed in section four with an event-discrete simulation model of a manufacturing system for electrical power supply units. The last section of the article contains concluding remarks, managerial implications and possible areas for further research in planning and control of bottlenecks in assembly processes.
Bottlenecks are a well addressed topic in literature. Many authors have developed solutions for optimised bottleneck-based planning and control of assembly processes. Heuristics are an often preferred solution. For example, Chen and Chen (2009) have developed a bottleneck-based heuristic to solve flexible assembly line problems that contain a bottleneck stage by minimising makespan. Computational results show that it significantly outperforms all the well-known heuristics. Moreover, many dispatching rules integrate some kind of heuristics. Salegna and Park (1994, p.91) suggest a solution, which considers load smoothing in the order release of assembly processes. Further, Rajendran and Alicke (2007, p.89) have developed a set of dispatching rules for static assembly flow shops with bottleneck machines with special minimisation of lead time, earliness and tardiness. The findings of their experimental investigation have been measured against conventional dispatching rules and seem to be superior. For more exact solutions, mathematical models for scheduling and control of assembly processes can be found. Aggarwal et al. (1986, p.11) report two case studies with the objective of reducing makespan by applying a mathematical model. Furthermore, Ching et al. (2008, p.911) have developed a practical mathematical method for analysis and improvement of assembly systems with non-exponential machines. The model identifies bottlenecks based on the frequencies of machine blockages and starvations. An additional approach for planning and scheduling is the application of bioanalogical approaches, like insect algorithms from ants and wasps Smith, (2001, 2004) , p.1, p.237]. The advantage of these solutions is the robustness against unpredictable and dynamic bottlenecks. Song et al. (2007, p.569) expand biological algorithms on the field of optimisation called ant colony optimisation (ACO). The authors formulate the bottleneck station scheduling problem, and then apply ACO to solve it metaheuristically. Further, Bussmann and Sieverding (2001) demonstrate the robustness of holonic assembly systems against dynamic bottlenecks in an automotive case study. A further topic of assembly planning is line balancing. This issue seeks to cover the problem, how to configure the planning of assembly lines. It can be divided into simple assembly line balancing (SALB) and general assembly line balancing (GALB) [Boysen et al., (2007), p.675] . SALB comprise assigning tasks to assembly lines under simplified assumptions, whereas GALP tries to integrate more problem parameters, like the assembly line layout. Another issue in assembly line balancing is the consideration of hybrid flow shops, which has a heterogeneous structure in the layout of the respective assembly lines [Ribas et al., (2010 [Ribas et al., ( ), p.1439 . Wiendahl and Hegenscheidt (2002) provide a bottleneck-based solution for buffer parameterisation with logistical curves. All these studies have in common to address bottlenecks only as a starting point for optimising the assembly system, but no holistic bottleneck solution under consideration of supplier and customer is available. This is especially important in systems with multiple bottlenecks, where an evaluation and selection of bottlenecks is needed in advance to the optimisation. A holistic bottleneck solution is developed by Goldratt (2004) in his famous novel The Goal, where a continuous improvement process based on the overall system bottleneck is described. He expands his ideas onto the whole process chain with his Theory of Constraints (Goldratt, 1994) . In this approach, Goldratt adds supplier and market as potential bottlenecks to the manufacturing process. Especially important is the implementation of a bottleneck-based order release system, called Drum-Buffer-Rope (DBR) by Goldratt (2004) . This algorithm is based on the definition of buffers and sets the pace of the manufacturing process (Watson et al., 2007) . Simulation studies have proved the superior performance compared to other order-release algorithms (Lambrecht and Segaert, 1990) . In the meantime, TOC is developed to an Operations Management theory (Boyd and Gupta, 2004) . The inherent element is the throughput orientation of the theory (Gupta and Boyd, 2008) . The performance increase by applying TOC has been reported for the whole company (Inman et al., 2009 ). Moreover many other case studies report successful applications of TOC (see for example Pegel and Watrous, 2005; Lindsay, 2005; Taj and Berro, 2006) .
The successful implementation fostered the expansion of TOC onto fields beyond manufacturing (Mabin and Balderstone, 2003) . However, this needs a holistic framework to identify and evaluate bottlenecks under consideration of suppliers, manufacturing and assembly processes and customers. Further, this framework has to support the systematic selection of the critical bottleneck in a system with several possible bottlenecks. To transfer the findings into managerial decision making, a visual solution is preferred for an easy communication. None of the discussed bottleneck management approaches is able to detect, evaluate and visualise the bottleneck within the chain of supplier, assembly and customer. Therefore, a systematic and understandable visualisation approach is needed, which interrelates supply with material, capacity and market demand.
Bottleneck management with throughput curves
The first approach to graphically describe logistical systems is the funnel model by Bechte (1984) and Wiendahl (1997) . It describes a work system, like a work station or a whole factory and depicts the work load over its fill level. The order flow rate is limited by the capacity, which is equivalent to the funnel stem. The relationship between these parameters can be found in the throughput diagram, which depicts input and output over time. Based on this analogy, the Theory of Logistic Operating Curves was developed (Wiendahl and Nyhuis, 1998; Nyhuis et al., 2004; Nyhuis, 2008) . In a deductive-empirical approach, the performance and the throughput time of a work system are considered as dependent variables. These are related to the order backlog as independent variable. A C-Norm function provides the mathematical basis for the logistical curves. Since this approach is working with average values, the curve is only suitable for static analysis of logistical system. The application of logistic operation lies therefore in the strategic positioning of logistical systems and not in the operative control. Wiendahl and Hegenscheidt (2002) use an operating curve to describe the utilisation of assembly lines as a function of the operational availability in order to determine the buffer sizes between the individual workstations. However, this approach is also based on average values and its application lies more in the strategic area for decisions in assembly lines, which are related to dimensioning the buffer sizes of assembly stations. An operative bottleneck management is not considered within this approach.
The throughput curve as a bottleneck management instrument is developed by Kreutzfeldt (1995) . It enables a bottleneck management with a visual approach linked to an approximation algorithm. To represent the relationship between the input variables (e.g., load and capacity) and output variables (e.g., performance, utilisation and inventory) of work systems, the throughput curve was selected as a basis for the identification and evaluation of bottlenecks. For a detailed explanation of this approach, we refer the reader to Kreutzfeldt (1995) and Schultheiss and Kreutzfeldt (2009) . Kreutzfeldt (1995) (see online version for colours) Figure 1 shows an exemplary throughput curve with two bottleneck parameters. First, the throughput potential shows the effect of a bottleneck on the inventory within an order stream. In case of an optimisation measure to decrease inventory within the system, the bottlenecks with a long horizontal line should be addressed. Second, the proportion of indirect and direct throughput indicates the effect of the bottleneck on other workstation. This means as a converse argument, that a capacity enlargement at this station promises a large effect of the overall system performance. In case of a productivity optimisation of the whole system, the bottlenecks with the biggest proportion of indirect and direct throughput should be addressed first. This approach provides an easy to understand and communicate solution for bottleneck problems in the manufacturing environment. However there are only capacity bottlenecks considered at the moment. This is a restriction for assembly processes, where the availability of material plays an important role as well as the availability of capacity. To show the optimisation potential in assembly processes the throughput curve should be enhanced with a material dimension to use this visualisation and communication tool in this part of a production system as well. The evaluation of bottlenecks gives the opportunity to prioritise bottlenecks regarding their optimisation potential. This is very important if resources for the bottleneck relief are scarce. The communication tool shows quickly this optimisation potential and so it is possible to take countermeasures, where they unfold the largest effect. This is important for companies to ensure a sustainable bottleneck management.
Adaptation of a bottleneck management solution for assembly processes
The application of throughput curves in the manufacturing environment (Schultheiss and Kreutzfeldt, 2009 ) marks the starting point for an expansion to an integrated bottleneck management of assembly processes. The assembly process is depending on the planned customer demand, the supply with components and on the availability of capacity. The assembly is mostly the last step in the production process. Problems in the upstream processes have therefore a direct impact on the assembly processes. An early prediction of arising problems and their effect on the assembly would make it possible to take well-timed countermeasures. The objective to adopt throughput curves for assembly processes is to identify and visualise bottlenecks, which are the basis for the alignment of the system to its bottlenecks. According to Lotter and Wiendahl (2006, p.370 ) the performance of assembly processes is depending on four areas of influence:
1 organisation 2 work stations 3 parts and components 4 systems.
An analysis of available datasets in existing ERP systems show that these four areas of influence can be linked to the datasets within the system. These datasets are further linked to the input parameters of the throughput curve to ensure an automated processing. The relationship between the areas of influence, the ERP datasets and the input parameters of the throughput curve are shown in Table 1 . However, the throughput curve itself can be linked to the area of the bottleneck in the chain of supplier, assembly and customer. As we are operating in a MTS environment, the estimated market demand and the resulting workload in a certain period impact the performance of an assembly process. The assembly process has to provide sufficient free capacity (Ca) for the satisfaction of the estimated market demand. The capacity is computed for single workstations and aggregated for larger planning purposes under consideration of shift plans and breakdown rates. The first parameter to be considered is the planned workload (W). The workload is derived from work plans, planned cycle times and the planned demand. The relationship of capacity and workload can be described in three capacity scenarios:
• capacity scenario 1: sufficient capacity (Ca = W)
• capacity scenario 2: excess capacity (Ca > W)
• capacity scenario 3: insufficient capacity (Ca < W).
Capacity scenario 1 is uncritical for the assembly process, because the capacity matches the market demand. Also capacity scenario 2 shows no capacity bottleneck in the assembly, as there is more capacity available as demanded. However, insufficient capacity is displayed in capacity scenario 3, which causes a capacity bottleneck and probably increasing stock of parts and components.
A further important input parameter is the availability of material and components from the supplier, which are assembled to fulfil the customer demand (Jünemann et al., 1989) . Every part must be available in the respective amount and quality to perform the assembly operation. The operation can be made impossible just by the absence of a single component and can therefore affect all following process steps. For this reason, the input parameter material availability (MA) is introduced to incorporate the material dimension in the assembly throughput curve.
The estimated market demand marks the starting point for the computation of MA. This parameter is derived from the respective bill of material. The amount of material for each component is necessary to process all planned orders within a period and is called planned material demand MD x . The availability of parts and components can be estimated for example with the original throughput curve for manufacturing processes (Schultheiss and Kreutzfeldt, 2009 ). The value of MA x is computed by comparison of MD x with the real material supply MS x of the component:
Hence, MA x is non-dimensional and shows the relative value of demanded to the planned components. Three material scenarios of MA can be distinguished:
• material scenario 1: material sufficiency (MA = 1)
• material scenario 2: material shortage (MA < 1)
• material scenario 3: material oversupply (MO) (MA > 1).
In analogy to the capacity situation, the material scenario 1 is uncritical for the processing of assembly orders. A supplier bottleneck in material scenario 2 threatens the fulfilment of customer requirements. Material scenario 3 shows again no bottleneck, as there is more material on stock as necessary. However, it could be possible to process more orders, if sufficient capacity is available. In this case, the customer can be viewed as a bottleneck, because he does not demand as much orders as planned and producible by the assembly process. Based on the two dimensions W and MA, the new throughput curve is developed. An example of the assembly throughput curve is shown in Figure 2 . To achieve a clear and easily understandable diagram, the abscissa standard m MA of the diagram should be equalled to the ordinate standard m W multiplied with the maximum capacity C max :
This standardisation ensures an ideal assembly throughput curve with tan(φ) = 1 or φ = 45°. The x-axis shows MA as the independent variable, because the MA is related to the performance of the suppliers. The point MA = 1 is particularly marked, as there is every material available to process the planned customer demand (MD x = MS x ). The parameter W is shown on the y-axis. C max has to be particularly marked, because exceeding workload will lead to a capacity bottleneck in the assembly process. Therefore, the optimal operating point of the assembly system is the intersection point of MA = 1 and W = C max and marked as a cross. This point indicates the highest possible performance from the assembly system with consideration of all system constraints. Based on this operation point, the throughput curve can be drawn. The assembly process and the respective manufacturing and supply chain process is optimal balanced. Nine generic cases and throughput curves can be derived based on the three scenarios for each state of MA and W and are displayed in the following Figure 3 . The cases 1, 2 and 3 are special outcomes, as MA is precise 1. The full availability of the activity-scheduled parts and components is assumed. It means that the demand of the assembly process for parts and components can be exactly satisfied by the supplier without building any stock. The planned workload W plan is derived from the estimated market demand. The value of the workload differs from the parameter C max , if the required capacity is not well synchronised with the material supply. The resulting point is marked with a cross. Case 2 displays idle capacity (IC), as there is not enough planned workload. However, there is no bottleneck, as the estimated market demand is satisfied completely. Case 3 on the other hand shows a capacity constraint (CC), because the planned workload exceeds the capacity supply and an assembly bottleneck is created. Set-up time is neglected in all cases, but can be easily added and would lead to a vertical adjustment of the curve according to the value of the set-up time. Following improvement measures could be recommended:
• Case 1: Optimal planning. No action is required.
• Case 2: There is IC created on the assembly station. It would be possible to reduce the capacity to streamline the assembly process.
• Case 3: An assembly bottleneck is going to appear. The capacity supply should be increased to process all the assembly orders or the MA can be reduced to avoid the building of inventory. However, this probably leads to unsatisfied customer orders.
For the cases 4 to 9, it is important to consider the material constraint (MC). That means the material with the least availability in the bill of materials for the respective assembly must be identified. Therefore, the MA of every component MA x is computed. Afterwards, the minimum MA x is selected, which represents the MC and a possible bottleneck. This value can be equalised to MA on the x-axis and is the basis for further computation steps of the assembly throughput curve. Because the planned capacity demand for customer orders does not exceed the capacity supply of the assembly process, the cases 4 and 5 are only restricted by MC. The function to calculate the operating point is therefore only depending on MA. However, due to an undersupply of material not all customers can be satisfied. In addition, case 5 shows some IC within the assembly process. Measures for performance improvement of the several cases could be as follows:
• Case 4: An increase of MA makes no sense without a synchronised increase of capacity, due to fully loaded capacity.
• Case 5: An increase of MA could be useful, because there is IC left to process more orders. If this is not possible, the capacity of the assembly process should be reduced to increase the process efficiency.
Cases 7 and 8 are restricted by customer demand. Both cases show a MO compared to the planned scenario. Due to the operating point below the maximum capacity, it is possible to process more orders than required. The bottleneck is therefore the customer demand, which is exceeded by the material and capacity supply. Measures for performance improvement of the several cases could be:
• Case 7: This case has more material available than for planned customer orders with sufficient capacity. It should be checked, if additionally assembled orders can be sold. Otherwise the material and capacity supply should be reduced to ensure sufficient process efficiency.
• Case 8: This case can be compared to case 7, but with IC. It would be possible so assemble more customer orders, if required.
In the next step the cause for a bottleneck must also be carefully evaluated to identify and assess the system constraint. Despite the constraint of MA, the capacity can limit the assembly performance in case 6. A capacity bottleneck is created, if the workload exceeds the capacity supply. In case 9, there can be a customer bottleneck, because the MO allows an increase of the assembly performance. Nevertheless, the operating point must be corrected twice in these cases and the function of the operating point is depending on MA and C max . Measures for performance improvement for case 6 and 9 could be as follows:
• Case 6: The capacity bottleneck restricts the assembly from processing all the planned orders, as well as the MC. It has to be investigated, what the dominating constraint is and countermeasures can be carefully undertaken.
• Case 9: Capacity demand and MA exceed the system capacities. Nevertheless, the capacity shortage restricts the assembly from achieving more throughput. A capacity increase would help to process more assembly orders. Nevertheless it is not certain, if additionally assembled orders can be sold to the customer, because all planned orders are processed.
The assembly throughput curves are able to easily visualise bottleneck parameters from planning and reality. The planning and scheduling of assembly processes can be supported as well as the indication of optimisation potential and generic countermeasures. The solution has to be verified in the next section with an event-discrete simulation model.
Verification through an event-discrete simulation model
The assembly throughput curve is verified with an event-discrete simulation model in three simulation scenarios. The simulation case is a simplification of a research project partner, an automotive supplier from Germany. The simulation model displays the production system of an electronic equipment company for assembling power supply units for original equipment manufacturers (OEM). The structure of the simulation model is shown in Figure 4 . The event-discrete software simulation package of enterprise dynamics (http://www.incontrolsim.com) was used for implementation of the simulation model to verify the assembly throughput curve. The manufacturing and assembly process for the production of power supplies was simplified for implementation in the simulation model. Each power supply unit is assembled from five components. Therefore the simulation model contains six work systems (WS i ), five suppliers (WS 1 till WS 5 ) and one assembly system (WS 6 ). The suppliers provide average lots of ten components in an average interval of 1.800 minutes. The operating time of the assembly process is between 170 and 210 seconds with a mean of 187 seconds. The average purchase quantity of a customer order is eight pieces every 1.440 seconds. All simulation parameters are displayed with means and standard deviations in Table 2 . Three different cases are simulated to identify and visualise bottlenecks in the possible areas of the whole assembly process (supplier, assembly process and customer). With the respective assembly throughput curves it should easy to visualise and identify the overall system constraint. The means and standard deviations of the simulation parameters are modified to create a shifting bottleneck behaviour within the assembly process. Three cases can be distinguished according to the origin of the bottleneck. Case 1 shows the supplier bottleneck by modification of delivery quantity and delivery interval. The assembly bottleneck is created by variation of the assembly operating time and displayed in case 2. Finally, case 3 shows a customer bottleneck by varying purchase time and purchase interval. Every simulation was run for 50 times each and the outcomes can be found in Table 3 . The simulation outcomes, which can be held responsible for the creation of a bottleneck, are displayed in grey colour. It should be mentioned that case 1 displays a supplier bottleneck, even if there are additional components for few more assembly operations available. This can be traced back to the fact that it is impossible to assemble more products than available components and some parts are left on stock for the next assembly operation.
The assembly throughput curve of simulation case 1 is displayed in Figure 4 . The simulation corresponds to case 4 from Figure 3 . Point 1 (P1) shows the assembled products very close to point 2 (P2), which visualises the producible products, due to a MC. However, both point fall below point 3 (P3). P3 displays the estimated market demand, which is very close to the real market, here shown as a red triangle. This implies further the existence of some IC, which is not fully utilised as planned. It is easy to identify the supplier as the limiting overall constraint of the whole assembly process. A possible countermeasure could be the identification of additional suppliers or the increase of supplier capacity. An assembly bottleneck can be found in simulation case 2, in analogy to case 6 of Figure 3 . It is easily shown that the market demand was not met by the assembly performance, neither the planned market demand (P3) nor the real market demand (red rectangular). However, it is important to notice two constraints, which prevent the assembly from fulfilling the market demand. The overall constraint here is the CC, which can be derived from P1. However, even if enough capacity would have been available, the material supply (P2) is not sufficient for fulfilling the market demand and a MC is created. It is advisable to provide more capacity first to process more assembly orders; however this measure should be aligned to an increasing availability of components. The last bottleneck case, a customer bottleneck, is shown in Figure 6 . The scenario corresponds to case 5 of Figure 3 . The real market demand is clearly displayed (red rectangular) below the amount of assembled products (P1) and it could have been even more products assembled with the available material (P2). It is obvious that the real market demand does not meet the planned market demand (P3). This implies two sources of inefficiencies; MO and IC. Two principle countermeasures are possible to avoid these inefficiencies and additional costs. A possible solution could be the reduction of the assembly process capacity or the material supply. However, it is also possible to take some market-oriented countermeasure to stimulate the customer demand, for example through a new marketing campaign. The simulation model shows the congruence between the generic cases from Figure 3 and the simulation cases. This underpins the capability of the assembly throughput curve to easily visualise and identify the overall system constrain in the process chain of supplier, assembly and customer.
Discussion
The outcomes of the simulation show in comparison an identical behaviour to the proposed assembly throughput curve. The identification of nine possible bottleneck cases allows the generation of typical pictograms according to the overall system constraints. These pictograms should allow an easy communication in practice [Eppler and Mengis, (2009), p.50] . The parameters of the bottleneck are easily extracted from the diagram and evaluated according to the bottleneck dimensions of TOC (Goldratt, 1994) . As stated from Goldratt and Cox (2004) , the system has to be aligned to the overall system constraint, no matter if supplier, customer or assembly itself. It is therefore necessary to discuss and plan improvement measures for the purchasing, the assembly or the sales department upon the findings of the assembly throughput. Such a measure would help to focus all involved parties to the overall system constraint and enables the opportunity to introduce targeted improvement measures over the whole process chain.
However, this approach has currently several limits, which lead to further research in the future. The described assembly throughput curve is currently limited to MTS environments. It deals further with stochastic probabilities and relies on sufficient large numbers of parts and orders. This is mostly the case in serial or mass production and in contrast to MTO or ETO products, which are usually unique. These production processes have to deal with small numbers or even event discrete factors. This is especially important for the assembly, where the availability of certain components has an enormous impact on the successful completion of an assembly order. The moment of arrival of certain parts is also currently not considered and it is impossible to detect dynamic or temporary bottlenecks. This plays an inferior role in the analysis of serial production process, because parts and components are exchangeable. However, this is different to MTO or ETO production processes, where the temporary lack of a certain component can hinder the progress of the whole assembly. In these cases stochastic assumptions are not valid anymore and an event-discrete description of the assembly throughput curve is necessary. Such an extension of the assembly throughput curve would allow extending the application of this tool beyond mass or MTS environments.
Concluding remarks
Nevertheless, we think the assembly throughput curve is a useful tool for the identification of bottlenecks throughout the whole process chain of supplier, assembly and customer. It is possible to evaluate and easily visualise the system bottleneck, which constrains the overall performance. This offers managers the opportunity to point the bottleneck with the most promising optimisation potential out for the investigation of countermeasures. A first possible improvement activity could be the alignment of assembly capacity. It is also worth to think about activities for purchasing to ensure a material supply according to the expected demand in the assembly process or the marketing department can try to stimulate the customer for more placing more orders. All these parameters can be easily visualised and discussed in the diagram of an assembly throughput curve. This approach is therefore a good communication tool to transfer identified optimisation potential directly into discussions without the analysis of data and transformation into understandable presentations. The next steps are the investigation of communication behaviour and how effective this tool is applied in practice and the estimation of the respective training effort to apply this visualisation tool. It is therefore planned to test the assembly throughput curve in three different companies with a distinctive assembly process. As these companies are working in the ETO environment, the boundaries of the approach have also to be investigated. It is likely, that the assembly throughput curve is only applicable in continuous processes, like in the series production. However, it is thinkable to expand the approach beyond MTS environments. To adopt the approach in make to order or engineer to order environments, event discrete effects have to be considering in the computation of the assembly performance.
